Introduction
Among the different techniques available for subnanosecond fluorescence lifetime measurements,l the single-photon counting method has gained wide acceptance. A sample is r~petitively excited with short light pulses and resulting fluorescent pulses adjusted in intensity so that only one photoelectron is produced at the photocathode of a fast high-gain photomultiplier. It is the most sensitive of techniques for measuring lifetimes, offering excellent signal,..-to-noise ratio, the measuring system wide dynamic range of several decades of light intensity, and subnanosecond lifetime measurement capabilities. Due to the finite width of the light pulse, the time resolution limitations of the photomultiplier, and·the electronic signal processing system the experimental fluorescence lifetime curve is significantly distorted. In order to extract the true value of lifetime parameters from the experimental data, it is necessary to solve the convolution integral. 2 Generally, the convolution procedure is more accurate if experimental data are measured under identical experimental conditions, particularly concerning the variations of photomultiplier and electronic circuitry parameters, as well as variations of the waveshape of the light pulse. Our measurements have shown that in situations where a subnanosecond lifetime must be accurately measured, the fundamental limitations on the precision of measurements are imposed by the following conditions: the fluctuations in the light pulse waveshape, the single-photoelectron time spread of the photomultiplier, the measuring system dependence on the excitation and emission wavelengths, and the timing error introduced by the discriminator used in the system. Consequently, a high-precision measuring To minimize the measuring system wavelength dependence,S the same optical filter for the exCitation light pulse is used in recording both the excitation and fluorescence emission profiles, and the difference between excitation and fluorescence wavelength is chosen to be as small as practically possible.
According to our knowledge, fluorescence lifetime measurements using a single-photon counting system for substances with lifetimes smaller than 480 psec have not been reported in the literature. Our system, which uses the above-mentioned components with optimized operating conditions, can measure fluorescence lifetimes as short as 90 psec.
Measuring System Design and Operation
A block diagram of the photon counting system is shown in Fig. 1 .
Basically, the system electronics can be divided into four main sections:
the reference (START) channel, the fluorescence (STOP) channel, the data accumulation channel, and the computer. More specifically, the system consists of a light pulser, a reference constant-fraction discriminator, a fluorescence signal constant-fraction discriminator with upper and lower level adjustments, a photomultiplier with its thermoelectric cooling chamber, delay lines, time-to-pulse amplitude converter, pulse-height analyzer, analyzer-to-computer interface, and a computer. All components used in the system are available commercially with the exception of the The sample cuvette, the fluorescence and reference photomultipliers, the thermoelectric cooler, the interference filters, the diaphragm, and the shutter are all mounted in a metal compartment that is light tight and electrical-interference tight. The aperture of the variable diaphragm is adjustable from outside of the compartment. The fluorescence signal photomultiplier output pulses are processed in a specially designed constantfraction discriminator, with upper and lower level adjustments, which has a time walk less than ~3S psec over a 50-mY to S-V input pulse amplitude variation. The constant-fraction discriminator output is applied to the STOP input of a time-to-pulse hei~ht converter via an adjustable delay line, used for calibration purposes. The reference channel photomultiplier output pulse is processed in a constant-fraction discriminator to minimize time spread. The first output channel from the discriminator is applied to the START input of the time-to-pulse height converter via a second delay line.
The second output channel from the reference channel discriminator is applied to the first input of a two-channel counter with a dual display.
Whenever a pulse appears at the STOP input of the time-to-pulse height converter, following a START pulse within a preset interval, an output pulse will be produced at the first channel of the time-to-pulse height converter.
This pulse is applied to the second channel of the dual counter, and it is counted as a single photon event. Since the dual counter has a count preset capability from 10 2 to 10 7 counts, a direct percentage readout of the measuring system counting efficiency is readily available. The time-topulse height converter is followed by an analog-to-digital converter whose output pulses are applied to a 1024 channel pulse-height analyzer. show that the optimum operating voltage for a minimum light pulse waveshape spread is 5 kV. In this case the. full width at half maximum of the light pulse is less than 800 psec. The tungsten electrode spacing, which is adjustable between 0 and about 2 mm by means of a collar near the spark chamber,7 is adjusted to a value which gives a light pulse rate of 14 x 10 3 pulses/sec. Under these operating conditions, the photon yield is approximately 2.8 x 10 6 photons/pulse. Also, to obtain stable performance of the light pul:ser with respect to the light pulse and waveshape spread, it is necessary ;:
.. ' ..... ,/, to gently and continuously flush the spark gap chamber with a flow of dry air during operation. The electrode tips have to be cleaned after every 10 hours of operation and the electrode spacing reset. Also it is necessary to resharpen the pointed electrode into a conical tip after significant erosion has occurred. The maximum photon yield of approximately 1.2 x 10 7 photons/pulse is obtained by using a nonoptimum operating voltage of 9 kV.
Under these conditions, the FWHM of the light pulse is 2.2 nsec, and light pulse waveshape spread is about five times worse than in the case when spark gap is operated with optimum' operating voltage. Also, the light pulser performance is significantly degraded with increasing air pressure in the spark chamber.
Qptimization of Photomultiplier Qperating Conditions for a Minimum Transit Time Spread
The total electron transit time spread of the photomultiplier, used
In the subnanosecond photon counting system, represents the second major Optimization of operating conditions of the RCA 8850 aJ1d 8852 photomul tipliers for a minimum transit time spread is perfonned by using the procedure and measuring system described in Ref. respectively. The bias pedestal is applied to the zero-crossing detector diode CR20 through inductor L16 and resistor R44. 116 is used to suppress the overshoot at the leading edge of the pedestal. The pedestal raises the bias of CR20 nearly to its threshold level to reduce trigger delay due to different slew rates of the zero-crossing pulses. The zero-crossing detector is a one-shot multivibrator, using an inductor L15 and a backward diode CR19 as a nonlinear load.
The driver stage that follows uses tunnel diode CR23, transformer T2, and the backWard diode CR24 as its nonlinear load. Diode CR23 has a peak current of 10 mAo Variable resistor R3S-provides bias adjustment for CR23.
The driver stage output signal, at point I, is further delayed by the time t 7 -t 6 of 10 nsec. This is done to allow enough time for the gating signal (generated by comparators M2 and M3 ,operating as leading edge threshold discriminators, and the gate generator, tunnel diode CR13) , to be properly applied to the reference input of comparator M4 through the entire signal amplitude range before the driving pulse arrives at M4.
To avoid the degradation of the time-walk characteristics of the discriminator as a whole, the comparator M2 is used as the threshold discriminator that . . inhibi ts output pulses below and above certain input signal levels.
In this way, the threshold level of the tunnel diode CR15 is adjusted to obtain the best possible time-walk characteristic throughout the entire input pulse amplitude dynamic range, and it stays fixed at that level .
. Variable resistors Rll and R8 are the upper and lower threshold adjustments for comparator M2 respectively. When an input pulse exceeds the lower threshold set by R8, the appropriate section of M2 produces an output pulse which is differentiated by C48 and R23
and then delayed by DL2 for 5 nsec before going to pin 5 of comparator M3. Pin 6 of M3 is normally biased at -100 mV because the negative portion of the differentiated output of M2, point L,
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is -400mV; M3 would produce an output pulse as long as its reference bias; pin 6 remains at -100 mY. The output of M3 then triggers tunnel diode CR13, which is the enable gate generator for the output driver, M4. The width of the gate generated by CR13 is determined by delay line DLS, which is selected to provide a 2S-nsec gate, point P. However, if the input pulse amplitude also ~xceeds the upper threshold level set by Rll, the other half of M2 would produce an output pulse, pointJM, which is differentiated by C18 and R22, point N. Thenegative portion of the output pulse at point N in turn triggers tunnel diode CRIO whose output, point 0, becomes an inhibit gate for M3.
Hence with .both the lower and upper sections of M2 operating, M3
will not produce any output and M4 accordingly will not produce an, output pulse.
Consequently, by properly adjusting variable resistors R8
and Rll, a window can be adjusted to respond only to input pulses within the selected amplitude range. A window of 20 mV is attainable by adjusting R8 and Rll. Figure 5 shows a pulse-height spectrtun of the output of 8850. The first peak is the single-photoelectron peak, and the second peak is the twophotoelectron peak; no gating was used. Figure 6 shows the same pulse-height spectnun with the upper and lower threshold settings adjusted to select pulses with pulse height exceeding 50% of the single-photoelectron pulse height.
To evaluate the perfonnance of the constant-fraction discriminator, the system described in Ref. The CS5-58 filter has transmittance of 0.02% at 340 and 480 nm, and a peak transmittance of 40% at 415 nm.
The system resolution and the short fluorescence lifetime measurement capabilities are determined by using erythrosin in water as a sample. By using the 8850 photomultiplier and the light pulser with optimized operating conditions (light pulse waveshape is given in Fig. 10 ), as well as solving the convolution integral in order to extract lifetime parameters, the fluorescence lifetime of 90 psec is determined for erythrosin in water. 9
The fluorescence emission is at 550 nm, with excitation wavelength at 470 nm. Pulse-height spectrum, showing peaks corresponding to one-and two-electron peaks for the RCA 8850 photomultiplier.
Gated pulse-height spectrum of the RCA 8850 photomultiplier.
Time-walk characteristics of the constant-fraction discriminator as a function of the amplitude of the input pulse.
Measuring system total time resolution by using the RCA 8850 with full photocathode illumination as the photon detector.
Measuring system total time resolution by using the RCA 8852 with full photocathode illumination as the photon detector. .7 , . 
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